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purified via Ni-NTA (Qiagen) affinity column equilibrated in Wash Buffer (50 mM Tris, pH 8.0). The resin was washed with Wash Buffer and protein eluted with Wash Buffer containing 250 mM imidazole. The eluted fractions were dialyzed against Wash Buffer to remove imidazole.
Analytical Methods
Separations were carried out on an Agilent series HPLC, with UV/vis diode array detector or flow-scintillation analyzer (for radioactive samples). An analytical reverse phase Supelco column (Discovery series 250 mm X 4.6 mm) was used for 5D-dUMP purification with isocratic elution in 100 mM Tris buffer at pH 7.10. Elution of the pyrimidine was followed by UV absorbance (at 265 nm). The concentration of enzyme for rapid-quenching and stopped-flow experiments was determined by the 454 nm absorbance of bound FAD ( = 11,300 cm -1 M -1 ). Liquid chromatography-mass spectrometry (LC-MS) analysis was performed on Waters Acquity TM Ultra Performance LC system, using an eluent gradient of water and acetonitrile containing 0.1% formic acid, followed by a Waters Q-TOF mass spectrometer.
Stopped-flow kinetics of FDTS reaction
A solution of oxidized FDTS (100 M) was made anaerobic in a sealed tonometer by cycles of equilibration with argon and evacuation. The anaerobic enzyme was reduced stoichiometrically (following 454 nm absorbance) with a solution of dithionite. The reduced FDTS was then mixed with dUMP (30 M) from a side-arm of the tonometer and loaded in the Applied Photophysics SX-20 Stopped-Flow Spectrophotometer, which has been previously scrubbed of oxygen with glucose (10 mM)/glucose oxidase solution (50 units/mL). An anaerobic 800 M CH 2 H 4 folate solution was prepared containing 50 units/mL glucose oxidase, 10 mM glucose (to assure anaerobic conditions) and 30 mM formaldehyde (to stabilize CH 2 H 4 folate). The instrument zero reading was taken with CH 2 H 4 folate solution in the optical cell. FDTS reactions were then initiated by rapid mixing of the enzyme/dUMP and CH 2 H 4 folate solutions in the instrument at room temperature. The flavin absorbance was followed at 420 nm for 400 s (t ∞ ), and absorbance traces from several shots (3-5) were averaged.
Hydrogen isotope exchange on dUMP
For D 2 O experiments, all reagents and buffers were exchanged into D 2 O by two cycles of lyophilization and re-suspension in D 2 O. Oxidized FDTS (78 M) was made anaerobic in a sealed anaerobic cuvette by cycles of equilibration with an atmosphere of argon and evacuation. The anaerobic enzyme was reduced with either a solution of dithionite or NADPH, and mixed with dUMP (70 M) from the side-arm of the cuvette. The mixture was then incubated at room temperature for 1-3 hours, after which a portion of the solution was mixed with HCl to denature the protein, and the released enzyme-bound dUMP was analyzed by LCMS. To ensure anaerobicity in the experiments with NADPH reduction, glucose/glucose oxidase system was included. No D-dUMP was observed in experiments with free reduced FAD.
To confirm the C5 of dUMP as the location of hydrogen isotope exchange, reduced FDTS was anaerobically incubated for 1 hour at room temperature with either 5D-dUMP, [5-3 H]-dUMP, or [6-3 H]-dUMP in H 2 O buffer, and the hydrogen label was tracked by LCMS (for S3 deuterium) or HPLC with flow-scintillation analyzer (for tritium). The C5 hydrogen label was lost to the solvent during this incubation (Figs. S1 and S2), while C6 label remained on dUMP, in accordance with hydrogen isotope exchange occurring at C5 of uracil (Scheme S1 below). This hydrogen isotope exchange on the uracil has been observed with a myriad of nucleophiles in solution via attack on C6 1-4 (Scheme S1) and in fact was employed here to synthesize 5D-dUMP (see Materials above). In case of FDTS, the N5 hydride of FADH 2 could serve as the nucleophile activating dUMP for this hydrogen isotope exchange.
Scheme S1 Mechanism of hydrogen isotope exchange on the uracil. The exchange at C5 generally requires Michael addition at C6. [1] [2] [3] [4] 
Testing for reduced dUMP intermediate at the early stages of the reaction
In the newly proposed mechanism (Scheme 3 in the main text), we suggest a rapid (under 10 ms) reversible hydride transfer between FAD and dUMP (steps 1-3) that allows the methylene of CH 2 H 4 folate to be transferred to the uracil ring. We tested a stoichiometrically reduced enzyme (FADH 2 ) for such ability to reduce dUMP, following the flavin's UV/Vis absorbance spectrum. If significant fraction of reduced dUMP were to accumulate, some oxidized flavin could be detected. We also employed an unreactive analogue of CH 2 H 4 folate, folinic acid, in which N5 methylene is replaced with a formyl group (Fig. S3 ), to better mimic the reactive complex in question. A solution of oxidized FDTS (54 M) was made anaerobic by cycles of argon equilibration and vacuum. The anaerobic enzyme was stoichiometrically reduced with sodium dithionite (following 454 nm absorbance), mixed with dUMP (50 M) and incubated for 5 min while following the UV/Vis absorbance. Then, folinic acid (54 or 400 M) was added to this mixture from the side arm of the cuvette and incubated for 10 min while monitoring the UV/Vis absorbance.
As seen in Fig. S3 , no oxidized flavin could be detected. While oxidized flavin formation would have supported the new mechanism proposed in Scheme 3, the current observation is not conclusive. Since the reduced dUMP proposed in Scheme 3 is likely to form only in a catalytic amount, that amount could very well be below the spectroscopic detection limit. Alternatively, the reactive CH 2 H 4 folate is needed to push the equilibrium towards the reduced dUMP. In summary, the current observation is consistent with either lack of sufficient accumulation of such reduced dUMP, or a critical need in CH 2 H 4 folate for its formation, or a mechanism that does not involve such early dUMP reduction (e.g., Scheme 1b). 
